INTRODUCTION
The extent and thickness of the sea ice cover have changed in the Northern Hemisphere during the last 3 decades; these changes are thought to be a consequence of the ongoing global warming trend (IPCC 2007) . The extent of multi-year sea ice, primarily found in the central Arctic Ocean, has been decreasing by ca. 7% per decade since 1978 (IPCC 2007) , as multiyear sea ice is being replaced by seasonal first-year sea ice in many areas (e.g. Belchansky et al. 2005 , Maslanik et al. 2007 ). Moreover, the number and size of sea ice flaw leads and polynyas in the Arctic Ocean are expected to increase if the climate change trend ABSTRACT: This paper presents an extensive spatial and temporal study of the sinking export of particulate organic material below the euphotic zone in the eastern Beaufort Sea. Free-drifting shortterm particle interceptor traps were deployed, generally at 50 m, during fall 2002 and 2003, and summer 2004 . The different regions of the sampling area, i.e. the Amundsen Gulf and the Mackenzie shelf and slope, showed similar ranges in the sinking export of chlorophyll a (chl a) and particulate organic carbon (POC) in fall, while regional differences were observed in summer. The 2 regions showed a general decreasing trend in sinking fluxes towards fall. The highest chl a and POC sinking fluxes during this study were therefore recorded during summer (3.6 and 258 mg m -2 d -1
, respectively). A high retention of suspended biomass was observed throughout this study, i.e. low daily loss rates of suspended chl a and POC (both averaging ca. 1% d -1 ) were observed. Still, the POC sinking export accounted for, on average, half of the particulate primary production throughout this study. Zooplankton, primarily copepods, played an important role in the sinking export of particulate organic material, particularly in the Amundsen Gulf. A cluster-based analysis of the sinking protist cell assemblage revealed a seasonal succession that prevailed over spatial and interannual differences between the stations sampled in the eastern Beaufort Sea. Flagellates dominated throughout the study area, while diatoms, dominated by Fragilariopsis cylindrus, showed a decreasing contribution to the sinking protist cell assemblage towards fall. The presence of the sea ice related pennate diatoms Nitzschia frigida and Navicula vanhoeffenii in the material collected during summer reflected an input of organic material from sea ice. Results from particle interceptor traps deployed at a station in Franklin Bay during ice-covered and ice-free conditions showed the importance of taking into account under-ice sinking fluxes (up to 115 mg C m -2 d -1 for POC) for sinking export estimates on Arctic shelves.
continues (ACIA 2005) . Consequently, the duration and extent of seasonally ice-free areas are expected to increase in the Arctic Ocean, in particular in the coastal regions (ACIA 2005 , IPCC 2007 .
Changes in sea ice dynamics may have impacts on marine productivity and ecosystem structure, especially on Arctic continental shelves (e.g. Grebmeier et al. 2006 ) which comprise a large part of the Arctic Ocean (i.e. 53% of the total surface area; Jakobsson 2002). An increase in the duration and extent of icefree areas is likely to improve conditions for phytoplankton production in the Arctic Ocean, due to increased light availability in the upper water column (ACIA 2005) . Phytoplankton production already contributes ca. 75 to > 97% of the total annual primary production (i.e. ice algal and phytoplankton production) on Arctic shelves (Subba Rao & Platt 1984 , Legendre et al. 1992 , Gosselin et al. 1997 .
Spring phytoplankton production on Arctic shelves, which is often dominated by diatoms, is generally associated with the moving ice edge during spring melt, as the upper water column is stabilized via the halocline formed by released melt water (e.g. Sakshaug & Skjoldal 1989 ). Ice edge blooms or spring blooms in polynyas are often terminated by nutrient limitation within the surface mixed layer (e.g. Sakshaug & Skjoldal 1989 , Tremblay et al. 2006 , Mundy et al. 2009 ). Nutrient limitation often induces a succession in phytoplankton species, from diatoms to flagellates and dinoflagellates (e.g. Rat'kova et al. 1998 , Dale et al. 1999 , Hill & Cota 2005 . A phytoplankton bloom can occur during fall in Arctic areas, as wind mixing can reintroduce nutrients into the surface mixed layer (e.g. Klein et al. 2002 , Arrigo & van Dijken 2004 .
Primary produced organic material may be vertically exported to the benthos as intact algal cells, or it may be diverted through the pelagic heterotrophic food web (e.g. Turner 2002 . Sinking of intact algal cells generally conveys organic material of a high quality to the benthos, while algal material diverted through the heterotrophic food web results in a reduced sinking export of organic material of usually lesser quality (e.g. Turner 2002 ). Herbivorous grazers, particularly copepods, may at times effectively graze on suspended algal material in some Arctic areas (e.g. Michel et al. 1996 , Fortier et al. 2002 , Forest et al. 2007 ). Fecal pellets from herbivorous grazers may therefore at times represent an important component of the vertically exported organic material (e.g. up to ca. 60% of POC sinking fluxes; Juul-Pedersen et al. 2006) . A potential increase in the annual primary production in the Arctic Ocean associated with climate changes (ACIA 2005 , Arrigo et al. 2008 , accompanied by changes in the pelagic heterotrophic food web (Grebmeier et al. 2006) , will likely result in changes to the pelagic-benthic coupling on the Arctic continental shelves.
This study investigates spatial and temporal variability in the sinking export of particulate organic material from the euphotic zone in the eastern Beaufort Sea. The objectives of this study were to (1) assess spatial variations in the magnitude of the sinking export, (2) characterize any patterns in the composition of the sinking material within the sampling area, especially with respect to protist cell assemblages, and (3) compare the magnitude of the sinking export of particulate organic material during sea ice-covered and subsequent ice-free conditions at a station in Franklin Bay. Our first hypothesis was that the eastern Beaufort Sea would display spatial and temporal differences, from spring to fall, in the magnitude of the sinking export of particulate organic material. We also hypothesized that higher sinking fluxes of organic material would be observed in ice-free compared to ice-covered conditions, as phytoplankton may be exported from the euphotic zone. Fig. 1 ). The sector of the Beaufort Sea studied here covers 2 distinctive regions, i.e. the Mackenzie shelf and slope, and the Amundsen Gulf. The Mackenzie shelf extends ca. 120 km offshore and ca. 530 km along the Tuktoyaktuk peninsula until the Cape Bathurst peninsula (ca. 6.0 × 10 4 km 2 ; Carmack et al. 2004 ; Fig. 1 ). Landfast first-year sea ice generally covers the inshore part of the Mackenzie shelf (until the ca. 20 m isobath) from December to May/June (Carmack & Macdonald 2002) . A flaw lead system which separates the landfast sea ice from offshore drifting pack-ice generally develops into the recurring Cape Bathurst Polynya protruding into the Amundsen Gulf (Barber & Hanesiak 2004) . The polynya generally starts forming during May, and the sea ice continues to retreat during summer leading to largely ice-free conditions in the Amundsen Gulf by August (Barber & Hanesiak 2004) . Consequently, phytoplankton production initiates about a month earlier on the outer parts of the Mackenzie Shelf compared to the inner parts, due to the retreating sea ice (Carmack et al. 2004) . As nutrients are depleted in the surface waters following spring, a deep chlorophyll a (chl a) maximum forms on the Mackenzie Shelf during summer (Carmack et al. 2004) . Although most phytoplankton production occurs during spring and summer, a considerable production has been reported during autumn in this region (Brugel et al. 2009 ). The Mackenzie shelf is strongly influenced by the Mackenzie River, which has the highest sediment discharge of the rivers entering the Arctic Ocean (Macdonald et al. 1998) . The Mackenzie River has been shown to have a strong influence on sinking fluxes of particulate material in the plume area (Macdonald et al. 1998 , O'Brien et al. 2006 , Juul-Pedersen et al. 2008b .
MATERIALS AND METHODS

Study
Sampling. Sampling was carried out from the icebreakers CCGS 'Pierre Radisson' (in 2002) and CCGS 'Amundsen' (in 2003 and . Sinking fluxes of particulate material were measured at 21 stations using short-term (1.0 ± 0.3 d, see Table 1 ) free-drifting particle interceptor traps. The only deployments longer than 1.6 d were during under-ice sampling at the Franklin Bay station; see description below. Traps were deployed at depths ranging from 15 to 150 m during this sampling. The focus of the present paper is on results from 50 m, except for shallow Stns 65 & 83, and Stn 106 where traps were deployed at 25 and 75 m, respectively. The free-drifting trap deployments were all below the euphotic zone which is defined in the present study as the depth receiving 1% of surface irradiance. At each station, the euphotic zone depth was estimated from a downwelling photosynthetically active radiation underwater profile (QCP-2300, Biospherical Instruments). The euphotic zone depth ranged from 10 to 60 m, with an average of 37 m. The euphotic zone depth was > 50 m at 4 of the stations visited. We were able to estimate a potential bias in sinking flux measurements that would result from the positioning of particle interceptor traps relative to the euphotic zone depth for these stations. On average, there was a 14% variability between POC sinking fluxes measured at 50 m and those measured just below the euphotic zone.
Duplicate particle interceptor traps were deployed at the sampling depth. A wave dampening device comprised of a series of 7 floaters, of which 3 were submerged, was arranged on the free-drifting trap arrays. The submerged floaters increased water resistance of the array, thereby reducing the vertical movement of the particle interceptor traps attached to the drifting line. The traps were made of polyvinyl chloride (PVC) cylinders closed at one end, with an internal diameter of 10 cm and an aspect ratio (height:diameter) of 7. A CAST ARGOS drifter buoy (Seimac Smart Cat PTT / GPS transmitter) and a Novatech Designs RF-700C1 radio beacon were used to track the position of the freedrifting trap arrays.
Sampling by particle interceptor traps was carried out in accordance with Joint Global Ocean Flux Study (JGOFS) protocols (Knap et al. 1996) and recommendations by Gardner (2000) . The particle interceptor traps were filled with filtered (0.22 μm) seawater collected at depths > 200 m prior to deployment, to ensure that the higher density particle-free water remained inside the traps. Upon recovery, the traps were fitted with a clean lid and set aside for sedimentation for 8 h in a cold room (0°C) onboard the ship. The supernatant was gently removed after the sedimentation period and the remaining sample was pre-screened (425 μm) to remove large swimmers. Duplicate particle interceptor trap samples were pooled together, their volume measured, and the samples were stored in dark containers for analyses.
Particle interceptor traps were also deployed at a station in Franklin Sampling of the suspended material was carried out at each station with a rosette sampler equipped with 12 l bottles (OceanTest Equipment) deployed at 3 to 8 depths within the upper 50 m.
Analyses. Trap samples were gently mixed prior to subsampling. This method has proved to provide repeatable results, as the average intra-trap percent variability has been estimated at 7.8% for chl a using similar particle interceptor traps and methods. To ensure minimal disturbance of the collected material, samples for microscopic examination were taken first. Subsamples for fecal pellet (100 to 250 ml) and protist (100 to 250 ml) analyses were preserved with 2% (v/v) buffered formaldehyde and 1% (v/v) acidic Lugol's solution, respectively. Enumeration and measurement (length and width) of fecal pellet dimensions were later conducted using a Carl Zeiss inverted microscope (100× magnification). Fecal pellets were classified according to type (cylindrical or elliptical) and condition (intact or broken). The volume of intact and broken cylindrical fecal pellets was calculated using the equations for a cylinder with half-spherical ends and for a cylinder, respectively. The volume of intact elliptical fecal pellets was calculated using the equation for an ellipsoid; no broken elliptical fecal pellets were observed during the present study. Fecal pellet-based carbon (FPC) was estimated using a volume to carbon conversion factor of 0.057 pg C μm -3 for cylindrical (i.e. copepod) fecal pellets and 0.042 pg C μm -3 for elliptical (i.e. appendicularian) fecal pellets (González et al. 1994) . Identification and enumeration of phytoplankton and other protists were conducted using a Leica DM IRB inverted microscope (400× magnification), according to the method of Lund et al. (1958) . For each sample, a minimum of 300 cells was counted.
Chl a and phaeopigments were measured on subsamples (50 to 200 ml) filtered onto Whatman GF/F 25 mm glass fiber filters. Pigments were extracted in 90% acetone for 24 h in cold dark conditions (4°C). Samples were then analyzed on a Turner Designs 10AU fluorometer, using 90% acetone as a blank. The pigment concentration in the samples was calculated in accordance with Parsons et al. (1984) .
Total particulate carbon (TPC) and particulate organic carbon (POC) were measured in subsamples (50 to 900 ml) filtered onto precombusted (450°C for 24 h) Whatman GF/F 21 mm filters. The filters were dried at 60°C for 24 h and stored in separate Petri dishes. Filters for POC determination were acidified for 24 h in a desiccator saturated with HCl fumes, thereby removing any inorganic carbon. Analyses were conducted on a Perkin-Elmer Model 2400 CHN Analyzer. POC analysis was unfortunately not conducted at several stations in the Amundsen Gulf during the study (Stns CA15 & CA18 during fall 2003; Stns 108, 117 and 303 during summer 2004) . Missing POC data at these stations were extrapolated from the measured TPC sinking fluxes, using the strong linear regression between sinking fluxes of POC (y) and TPC (x) at other stations (y = 0.84x + 1.69; r 2 = 0.87; p < 0.001). Unfortunately both TPC and POC data are missing from Stn 406.
The suspended material from the water column was analyzed for chl a and POC as described above, although different sample volumes were used (S. Brugel pers. comm.). In addition, particulate phytoplankton production was measured by our CASES collaborators at some stations during trap deployments (Brugel et al. 2009 ). The method is described in detail in Brugel et al. (2009) . Briefly, particulate phytoplankton production was measured at 5 optical depths (100, 50, 25, 10 and 1% of surface irradiance) with the 14 C-uptake method in accordance with JGOFS protocols (Knap et al. 1996) . After 24 h on-deck in situ simulated incubation, samples were filtered onto Whatman GF/F filters. The filters were placed in borosilicate scintillation vials and acidified overnight with 0.5 N HCl, in order to remove 14 C that was not incorporated (Lean & Burnison 1979) . Scintillation cocktail was then added to the vials. The vials were stored in the dark for 24 h before being counted on a Packard Tri-Carb 2900 TR Liquid Scintillation Analyzer. Particulate primary production corrected for dark uptake was calculated according to Knap et al. (1996) .
Calculations and statistical analyses. The sinking flux of the measured variables was calculated using the following equation:
where
) is the concentration of the measured variable in the particle interceptor trap, V trap (m 3 ) is the volume of the particle interceptor trap sample, A trap (m 2 ) is the particle interceptor trap surface area and T dep (d) is the deployment time.
The daily loss rate of suspended chl a and POC biomass in a given depth stratum due to sinking export was estimated using the following equation:
where sinking flux is from Eq. (1), generally at 50 m, and C int is the integrated biomass of chl a and POC, generally in the upper 50 m, estimated using chl a and POC concentrations measured at 3 to 8 depths in the 0 to 50 m stratum. The export ratio was calculated as the ratio of the POC sinking flux at a given depth (at 50 m, except for Stns 65, 83 & 106) to the particulate phytoplankton production integrated over the euphotic zone depth. This ratio is dimensionless.
A group-average linkage cluster analysis was performed to determine similarities in the absolute sinking flux of protist cell taxa (including empty diatom frustules and diatom spores) between stations, based on a Bray-Curtis similarity matrix computed on the logarithmically transformed (log(x + 1)) sinking cell numbers (Field et al. 1982 , Legendre & Legendre 1998 . The difference between groups of sampling stations, at an arbitrarily level of similarity selected to obtain 4 groups, was tested using Analysis of Similarities (1-way ANOSIM; Legendre & Legendre 1998) . The Global R value obtained provided an absolute measure of how separated the groups were on a scale of 0 (indistinguishable) to 1 (all similarities within groups are greater than similarities between groups) (Clarke & Gorley 2001) . The cluster analysis and ANOSIM were performed using the PRIMER software package (Clarke & Gorley 2001) .
Differences between 2 or more average values of sinking fluxes in groups of stations, of varying sample sizes, were analyzed using a 1-way ANOVA (Sokal & Rohlf 1981) . Cluster analysis of the sinking assemblage of autotrophic and heterotrophic protists (including empty diatom frustules and resting spores), at each sampling station, showed significant (1-way ANOSIM, similarity level = 43%, Global R = 0.76, p < 0.001) similarity between the stations sampled in the eastern Beaufort Sea (Fig. 3) Fig. 4 presents the relative sinking flux of different protist groups (including autotrophs and heterotrophs), and dominant diatom species as well as the sinking flux of empty diatom frustules and diatom spores within the 4 groups of stations obtained from the cluster analysis. Flagellates were the dominant group of protists in the sinking cell assemblage in June and July to August (52.2 and 50.6% of the total cell sinking flux, respectively), and were even more abundant in September to October (69.1% of the total cell and 34.0% of the total cell sinking flux, by numbers, in June and July to August, respectively. The maximum contribution of centric diatoms to the total cell sinking flux (i.e. 12.6%) was observed in July to August. Dinoflagellates, ciliates and unidentified protists comprised 12.1% of the total cell sinking flux in June, while their contributions were negligible in July to August (2.4%) and September to October (2.5%). The contribution of pennate diatoms to total diatom sinking flux decreased from 77.0% in June to 49.9% in July to August (Fig. 4a) , except at Stn 65 where the contribution of diatoms to total cell sinking flux was < 2% (Fig. 4a) , respectively) to September-October (Fig. 5a ). Sinking fluxes of POC under the sea ice did not vary significantly from March to May (1-way ANOVA, p = 0.5), but increased rapidly in June (Fig. 5b) . During the ice-free period (July and August), POC sinking fluxes remained high in July and decreased in August. Table 2 summarizes the sinking fluxes and daily loss rates of chl a and POC together with the export ratios, for each region, and according to the grouping obtained from the cluster analysis. For comparative purposes, this Table also reports observations at the station in Franklin Bay during the open water period. Average chl a sinking fluxes and chl a daily loss rates showed a temporal decrease in each region, although these trends were not statistically significant (1-way ANOVA, p > 0.05). Average sinking fluxes of POC did not show any clear temporal trend in the Amundsen Gulf, but were higher in July to August than in Sep- tember to October on the Mackenzie shelf and slope. Moreover, average daily loss rates of POC in the Amundsen Gulf showed a significant (1-way ANOVA, p < 0.001) increase from June to July-August. In Franklin Bay, sinking fluxes of chl a and POC were higher in July than August, whereas daily loss rates of suspended chl a and POC decreased from July to August. The average export ratios increased significantly (1-way ANOVA, p < 0.01) throughout the open water period (i.e. from June to September-October) in the Amundsen Gulf, while it decreased from July to August in Franklin Bay. Primary production was unfortunately not measured on the Mackenzie shelf and slope during trap deployments. Table 3 presents a summary of sinking fluxes of FPC and their contribution to total POC sinking fluxes according to the same grouping of stations as that of Table 2 . Cylindrical fecal pellets were the main contributors to total FPC sinking fluxes in the eastern Beaufort Sea throughout the study (averaging 91.4% of total FPC at all stations). Average sinking fluxes of cylindrical FPC and total FPC, and average contribution of FPC to total POC sinking fluxes, showed a temporal decrease in the Amundsen Gulf and on the Mackenzie shelf and slope, although the trends were not statistically significant (1-way ANOVA, p > 0.05). Similarly, in Franklin Bay, the sinking fluxes of cylindrical FPC and total FPC, as well as the contribution of FPC to total POC sinking fluxes, decreased from July to August.
RESULTS
Fig
DISCUSSION
Sinking export in the eastern Beaufort Sea
This multi-year study provides extensive regional coverage of the sinking export of chl a and POC below the euphotic zone in the eastern Beaufort Sea. This sampling program covered most of the ice-free season in this area, which generally begins with initial sea ice break-up in late-April and lasts until freeze-up commences in late-October (e.g. Carmack & Macdonald 2002 , Barber & Hanesiak 2004 . While the broad spatial and temporal coverage of this study (21 stations over a wide area of the eastern Beaufort Sea over 3 yr) provides a unique and encompassing dataset on sinking export from the euphotic zone for this arctic area, it also underscores inherent challenges in dealing with intricate variability at multiple scales (i.e. regional, seasonal and interannual). Therefore, the various and combined effects of such variability need to be borne in mind as important factors driving, yet sometimes obscuring, some of the general trends observed. The 2 first sampling periods, September to October of 2002 and 2003, indicated little interannual change in the sinking export of particulate organic material in the fall, during this study, as a similar range of chl a and POC sinking fluxes was observed in the eastern Beaufort Sea (Fig. 2, Table 2 ). These similarities support interannual comparisons within the present dataset. The subsequent sampling period, in summer 2004, suggests that the highest sinking fluxes of chl a and POC occur early during the icefree period, June and July to August, in the eastern Beaufort Sea. This is in agreement with sinking export estimates from Brien et al. 2006) . Both of these studies used longterm sediment trap moorings deployed well below the euphotic zone, and their lower sinking fluxes, compared to the present study, can be explained by a loss of sinking POC with depth (i.e. vertical flux attenuation) and/or methodological differences (i.e. short-term versus long-term deployments). Accordingly, Morata et al. (2008) found indications of high degradation of pigmented material prior to reaching the sediment. Nevertheless, a study of the benthic carbon demand in the eastern Beaufort Sea suggested a tight pelagicbenthic coupling and an annual benthic carbon demand of ~12.1 g C m -2 on the shelf (Renaud et al. 2007a ). This estimate agrees closely with our estimated POC sinking flux of ~12.3 g C m -2 for the ice-free period, which is based on the average fluxes measured on the Mackenzie shelf and slope in July to August and September to October (see Table 2 ).
From a pan-Arctic perspective, the Beaufort Sea shelf showed lower POC sinking fluxes than reported for the extensively studied shelf of the central Bar- , between 9 and 360 m; Wassmann et al. 2004 ), using sediment traps deployed for periods of 1 to 10 d.
Temporal and regional sinking export
Although temporal trends could be confounded and possibly obscured by the limited number of stations visited and by regional and interannual variability, some general patterns emerged based on significant results from the clustering analysis.
A general decrease in the sinking export of chl a was observed in the eastern Beaufort Sea towards fall, i.e. from June to September-October (Table 2) , indicating a decrease in the export of phytoplankton material from the euphotic zone. The 1 order of magnitude decrease in average chl a sinking fluxes from June to July-August in the Amundsen Gulf was also associated with a declining contribution of algal cells to POC sinking fluxes (from 11.7 to 7.6% in June and September to October; data not shown), estimated using a POC:chl a ratio of 40 g:g from healthy algal cells (Lorenzen 1968) . This agrees with the termination of a phytoplankton bloom during July in this region, as suggested by Simpson et al. (2008) , based on decreasing integrated surface nitrate concentrations and phytoplankton biomass. The significantly lower export ratio in the Amundsen Gulf in June, compared to the following months (Table 2) , is consistent with the biomass build-up during a phytoplankton bloom. Unfortunately, no sampling was carried out on the Mackenzie shelf and slope in June and we cannot comment on the chl a sinking export in this region at that time. However, the decrease in chl a sinking fluxes in this region from July-August to September-October was linked to decreased input by the river plume in fall compared to summer (Juul-Pedersen et al. 2008b ). This decrease in the sinking export of algal material also represented a reduction of the algal contribution to sinking POC from July-August (17.0%; data not shown) to September-October (10.2%; data not shown), as estimated using the same POC:chl a ratio as above. Overall, the decrease in sinking export of chl a and POC in the Amundsen Gulf and on the Mackenzie shelf and slope would have been driven by different regional processes, i.e. termination of the phytoplankton bloom and decreasing input from the river, respectively.
The retention of organic material within the euphotic zone was generally high throughout this study, as evidenced by low daily loss rates of chl a (< 4.0% d -1
) and POC (< 3.5% d -1 ) ( Table 2 ). Daily loss rates of POC in our study are generally lower than those reported in Disko Bay, Greenland, in spring (from ca. 18 to 3% d Olli et al. 2002) . Still, the POC sinking export accounted for a high proportion of the POC production by phytoplankton in the Amundsen Gulf, in summer and fall (> 50%; Table 2 ). In conjunction, the high retention of organic material and the high export in relation to primary production indicate that a small fraction of the suspended biomass was sinking to the benthos and that little additional biomass accumulation was taking place as more than half of the phytoplankton production was exported through sinking.
A high transfer of organic material to the pelagic food web reduces the sinking export of high quality algal material, due to assimilation and remineralization, thus resulting in low daily loss rates of organic material, as observed in the Amundsen Gulf. These findings are in agreement with observations of a high biomass of herbivorous and omnivorous copepods in the Amundsen Gulf compared to the Mackenzie Shelf and slope (Darnis et al. 2008) . The high fecal pellet sinking export and contribution of FPC to total POC sinking export in summer supports the strong influence of mesozooplankton on the suspended biomass. Grazing or destruction of fecal pellets by mesozooplankton (coprophagy or coprorhexy, respectively) may have contributed to the retention and remineralization of organic material in the pelagos, as reported for the Amundsen Gulf during sea ice cover (Sampei et al. 2009 ) and the Barents Sea during open water (e.g. Olli et al. 2002 , Wexels Riser et al. 2007 ). Sampei et al. (2009) reported a sinking export attenuation of cylindrical fecal pellets produced in the epipelagic layer of up to 70% during sea ice cover in February. This is supported by the high abundance of broken and degraded fecal pellets in our samples (data not shown).
The zooplankton mediated sinking export was primarily due to copepods throughout this study, as cylindrical fecal pellets dominated the total FPC sinking fluxes (contributing on average ca. 90%; Table 3 ). The observed percentage of cylindrical FPC (ca. 90%) agrees closely with the percentage observed by Sampei et al. (2009) during incubation experiments (93% of total FPC), although the different study periods have to be taken into consideration (ice cover versus open water). The extensive degradation of sinking cylindrical fecal pellets, as observed by these authors, explain why they found a strong dominance of elliptical fecal pellets at depth (75% of total FPC). A decrease in the fecal pellet contribution to total POC sinking fluxes was observed towards fall (i.e. from July-August to September-October), suggesting a lower grazing activity later in the season. Several Arctic copepod species have been shown to descend to depth to overwinter during summer and fall (e.g. Madsen et al. 2001) , which may explain the decreasing trend in fecal pellet sinking fluxes towards fall. The generally higher FPC contribution to total POC sinking fluxes in the Amundsen Gulf, compared to the Mackenzie shelf and slope (Table 3) , supports a higher grazing activity by the larger copepod biomass in this region (Darnis et al. 2008) . Even more so, the station in Franklin Bay showed the highest fecal pellet contribution to total POC sinking fluxes observed during this study (ca. 76%; Table 3 ), indicating a high transfer of organic material to pelagic grazers. Using the ingestionegestion rate presented by Møller et al. (2003) , i.e. 15% of POC removed from suspension by copepods is reintroduced into the water column as FPC, it is estimated that 573 mg C m -2 d -1 was removed from suspension by grazers in Franklin Bay during July. The maximum fecal pellet carbon contribution to total POC observed throughout this study, particularly in the Amundsen Gulf (54.5%) and in Franklin Bay (75.7%; Table 3 ), were similar to or exceeded some of the highest sinking fluxes reported from other Arctic areas (up to ca. 60%; Riebesell et al. 1995 , Sampei et al. 2004 , Juul-Pedersen et al. 2006 . Overall, these findings indicate an important transfer of sinking organic material through the large pelagic grazers, primarily copepods.
Taxonomic composition of the sinking material
The cluster-based analysis of the composition of the protist cell assemblage sinking out of the euphotic zone revealed clear temporal patterns which prevailed throughout the eastern Beaufort Sea (Fig. 3) . The sinking protist (i.e. autotrophic and heterotrophic) assemblage from the euphotic zone was characterized by a dominance of flagellates and a decreasing diatom contribution from spring to fall (Fig. 4a) . Flagellates often dominate during post-bloom conditions in Arctic waters, as diatom cells become nutrient limited (e.g. Rat'kova et al. 1998 , Dale et al. 1999 , Hill & Cota 2005 . The pennate diatom Fragilariopsis cylindrus, which was the dominant diatom species in June and July to August throughout the sampling area (Fig. 4b) , is often associated with sea ice, although it has been found to be abundant and productive in cold marine waters as well (von Quillfeldt 2004) . In the NOW, high sinking fluxes of F. cylindrus cells were linked to the spring phytoplankton bloom in June (Caron et al. 2004) . F. cylindrus was also present in the water column during this study (M. Poulin pers. comm.). In our study area, a parallel study on ice algal composition found Nitzschia spp., Navicula spp. and F. cylindrus to be the dominant microalgal taxa in bottom landfast first-year sea ice in Franklin Bay (Róz · a?ska et al. 2009 ). An input of algae from the sea ice is thus inferred from the presence of the pennate diatoms Nitzschia frigida, Navicula vanhoeffenii and F. cylindrus in June and July to August, and their minor contribution to the sinking assemblage in September to October (Fig. 4b) . These pennate diatoms are considered as typical ice algal species (e.g. Sakshaug 2004 , Róz · a?ska et al. 2009 ).
The increasing contribution of Chaetoceros spp. and other centric diatoms to the diatom sinking assemblage in September to October is consistent with the seasonal phytoplankton species succession reported for Fro-bisher Bay (Hsiao 1992) and for the sinking diatom assemblage in the NOW (Caron et al. 2004) . The fact that centric diatom spores were only observed in July to August and September to October (Fig. 4c) agrees with nitrate depletion during summer and fall, as suggested by Simpson et al. (2008) . The production of diatom resting spores has been linked to nutrient limitation (e.g. Hargraves & French 1983) . Interestingly, empty diatom frustules were an abundant part of the material exported from the euphotic zone throughout this study (Fig. 4c) , contributing on average ~3 times as much, by number, as intact diatom cells (data not shown). A significant degradation of diatom cells thus appeared to have occurred within the euphotic zone. Altogether, the cluster-based analysis revealed a general seasonal phytoplankton species succession similar to that of other high-latitude coastal waters (e.g. Dale et al. 1999 ). The analysis also revealed the strong influence of the Mackenzie River, as discussed in JuulPedersen et al. (2008b) , since the cell assemblage of Stn 65 formed a distinctive group comprising the freshwater pennate diatom Eunotia sp. Both the observed seasonal phytoplankton species succession and the influence of the Mackenzie River support parallel patterns observed in sedimentary pigments of the region (Morata et al. 2008) .
A landfast sea ice perspective
In contrast with the adjacent Amundsen Gulf, Franklin Bay is characterized by a prolonged landfast firstyear sea ice cover. The time-series obtained at this location, from March to August, illustrates the importance of landfast spring melt for the sinking export of chl a and POC (Fig. 5) . The under-ice sinking export of chl a and POC, during landfast spring melt (averaging 0.7 and 115.4 mg m -2 d -1 in June, respectively; Fig. 5 ), was similar to the highest open water sinking fluxes recorded in the eastern Beaufort Sea, during this study ( Table 2) .
The sinking fluxes of chl a and POC observed during open water sampling in Franklin Bay, in July and August, were within the ranges of sinking fluxes observed in the Amundsen Gulf at the same time (i.e. July to August; Table 2 ). The similarities between these 2 areas indicate consistency in regional patterns of particulate organic material sedimentation during ice-free conditions in the entire Amundsen Gulf region (including Franklin Bay), which also agrees with the widespread temporal progression in taxonomic composition of sinking protist assemblages observed during our study (i.e. cluster-based analysis).
The transition from ice-covered (i.e. from March to June) to open waters (i.e. in July and August) in Franklin Bay (Fig. 5, Tables 2 & 3 ) reveals a seasonal shift in sinking export processes. The high chl a and POC sinking export in June during the landfast spring melt was attributed to the release of ice-associated biomass into the underlying water column, as described by Juul-Pedersen et al. (2008a) . A parallel study found that the sinking of ice algae during the landfast spring melt may represent an important cue for the seasonal increase in benthic activity and oxygen demand in Franklin Bay (Renaud et al. 2007b) . In contrast, the material collected during open water sampling in July reflected a POC sinking export largely related to copepod grazing activity, as FPC made up most of the sinking POC (Table 3) . It therefore appears that copepods played a key role in the remarkably high export of phytoplankton primary production in July (export ratio of ca. 97%; Table 2 ), diverting most of the primary produced organic material through the pelagic heterotrophic food web. The high grazing activity following sea ice melt is thought to be the result of the already active copepod community observed during the sea ice cover in Franklin Bay (Sampei et al. 2009 ). Copepod grazing activity and sinking export of phytoplankton primary production, as reflected by FPC sinking fluxes and the export ratio (Tables 2 & 3) , decreased substantially from July to August. Overall, the high sinking export of ice-associated material released during the landfast spring melt appeared to have been followed soon after by a peak in copepod grazing activity.
SUMMARY AND CONCLUSION
The extensive spatial and temporal study of the sinking export of particulate organic material from the euphotic zone showed similar chl a and POC sinking fluxes throughout the eastern Beaufort Sea in fall. In summer, higher sinking fluxes of POC were observed on the Mackenzie shelf and slope than in the Amundsen Gulf. Overall, a decrease was observed in the sinking export of chl a and POC from spring to fall. Daily loss rates of chl a and POC were low throughout this study (< 4% d -1 ), while the Amundsen Gulf showed a high export ratio of particulate phytoplankton production during summer (ca. 50%). Zooplankton played an important role in the sinking export of particulate organic material, particularly in the Amundsen Gulf. The cluster-based analysis of the sinking protist cell assemblage revealed a seasonal succession that prevailed over spatial and interannual differences amongst sampling stations. A considerable diatom contribution to the sinking assemblage, dominated by the pennate diatom Fragilariopsis cylindrus, in summer was followed by a dominance of flagellated cells towards fall. Input from the sea ice at the stations vis-ited in summer (June to July) was shown by the presence of ice diatoms Nitzschia frigida and Navicula vanhoeffenii in the sinking material. The high chl a and POC sinking fluxes measured during the landfast spring melt emphasize the importance of including the spring melt period when studying sinking export in Arctic regions. 
